The medical, psychosocial, and economic burden of genetic disorders has long been recognized; in children, these disorders account for upwards of 25% of inpatient admissions, as well as increased outpatient visits. [1] [2] [3] Despite this high disease burden, many genetic conditions are intractable to diagnostic evaluation, despite recent advances in molecular laboratory investigations. 2, 4, 5 The diagnostic process employed by most medical geneticists is tiered, with clinical assessment followed by sequential laboratory testing, contingent on the previous tests being negative. Recent advances such as chromosomal microarray analyses and several single-gene/gene-panel DNA tests have increased the diagnostic yield. However, it is well known clinically that a diagnosis often remains elusive after this "traditional approach, " even when the index of suspicion of a genetic condition is very high.
Original research article
We completed a retrospective analysis of patients seen in the general medical genetics outpatient clinics at a tertiary medical center, to assess the diagnostic profile of an unselected consecutive cohort of patients evaluated with the current traditional approach. This included a clinical evaluation by a certified medical geneticist and diagnostic studies such as chromosomal microarray analysis, targeted single-gene and gene-panel sequencing/deletion/duplication, and biochemical and other traditional diagnostic studies. Our goals were as follows: (i) to determine the diagnosis rate, type of disorders diagnosed, number of clinic evaluations to diagnosis, and an approximation of the number/cost of the diagnostic tests performed; and (ii) to determine the appropriate patients to study with NGS and at what stage in their clinical evaluation NGS should be applied. This information provides essential data that can inform the utilization of NGS in a clinical genetics setting.
MAteriALs And MetHods
A retrospective chart review was conducted on 500 consecutive patients evaluated for diagnostic purposes between January and September 2011, in one of three general medical genetics outpatient clinics at Duke University Medical Center. Patients are referred to these outpatient clinics from North and South Carolina and Virginia; ~1,100 new and established patients are seen annually by one of three board-certified medical geneticists, with established patients typically coming back yearly for a follow-up visit.
The study was approved by the institutional review board at Duke University Medical Center. To allow us to document the number of clinic visits required to establish a diagnosis, we included all new and established patients assessed for a genetic diagnostic evaluation. We required that the patient be undiagnosed at the time of the initial genetics evaluation. Inpatients subsequently seen for a diagnostic evaluation in the outpatient clinic were considered to be established patients. Patients in the following categories were excluded from chart review: (i) those referred with a confirmed genetic diagnosis and (ii) those seen in any of the specialty genetics clinics (including metabolic, 22q11.2 deletion, Down syndrome, and fragile X syndrome clinics).
The electronic medical records were reviewed by an experienced board-certified genetic counselor and a trained research assistant, in collaboration with the three medical geneticists. Age, sex, and race of the patient, reason(s) for diagnostic referral, the patient's medical history, and a three-generation family history were extracted. The phenotypic features on a clinical examination and the genetic laboratory investigations were recorded. If a genetic diagnosis had been made, the type of specific diagnosis was noted. If a diagnosis was either made or first considered in a clinic visit, that visit was counted as the one in which the diagnosis was established, even if confirmatory molecular testing was done subsequently, because some patients had reflexive or simultaneous studies ordered without an intervening clinic visit. We counted only the medical genetics visits and did not include other specialist visits. A separate category was created for patients who were thought not to have a genetic disorder after having been evaluated by the geneticist, with a clinical assessment and in some instances pertinent laboratory investigations.
The number and types of genetic laboratory tests were tabulated for each patient and included a karyotype, chromosomal microarray analysis, fluorescence in situ hybridization, single-gene tests, gene-panel testing, specialized genetic biochemical laboratory tests (such as urine organic acid analyses, acylcarnitine profile, and plasma amino acids), and studies for the mitochondrial genome. These tests comprised the "traditional testing. " Some of the genetic tests were ordered by other specialists before the genetic evaluation and were included.
The total costs of the genetic laboratory investigations were estimated on the basis of the tests captured from the clinic notes of the patients. We did not include in our calculation the number or costs of nongenetic laboratory investigations such as scans, radiographs, and blood chemistry. The expenses reflect the current direct/insurance (not institutional) charges for each test from the laboratories utilized most frequently by our clinicians.
A 
resuLts demographics and reasons for referral
Of the 500 patients, 281 were male (56.2%). The racial distribution included 307 Caucasians (61.4%), 115 African Americans (23%), 49 Hispanics (9.8%), 11 Asians (2.2%), and 18 others (3.6%). Other demographic details are presented in Table 1 .
The reasons for referral were categorized, and the proportion of patients in each category were (i) developmental delay/intellectual disability (10%), (ii) congenital malformation (9.6%), (iii) family history of a definite or suspected genetic condition (4.8%), (iv) more than one reason (34.6%), (v) other specified reason (11%), (vi) suspicion of a specific diagnosis (26.2%), and (vii) referral due to a variant of unknown significance on a genetic test (3.8%). As compared with the children, adult patients had different reasons for referral, with most being referred for a suspected specific diagnosis (50 vs. 23%) and/or a positive family history (23 vs. 3%), and virtually none with malformations, developmental delay, or more than one reason.
rate of diagnoses
After the clinical evaluation, 39 of the 500 patients were assessed as not having a genetic disorder. These included 12 patients who tested negative for a specific condition in their family. The types of laboratory investigations performed in 25 of 39 patients to aid in determining that they did not have a genetic diagnosis included those for 12 patients who tested negative for a familial mutation such as cystic fibrosis, fragile X carrier status, and familial adenomatous polyposis coli. Of the remaining 461 cases, 212 (46%) were given a genetic diagnosis based on the traditional approach. No significant differences in the rate of genetic diagnoses were observed between adults (20/38, 53%) and children (192/423, 45%) (Fisher's exact test P = 0.65).
The remaining 249 (54%) were evaluated by traditional means and believed to have a presentation consistent with a genetic disorder but remained undiagnosed.
types of diagnoses
The 212 patients diagnosed had a variety of chromosomal and single-gene disorders, associations, sequences, teratogenic effects, and epigenetic disorders. The details are presented in Table 2 . The types of diagnoses in the adults were significantly different from those of the children (χ 2 = 13.4; P < 0.05), with the adults diagnosed more frequently with single-gene disorders. The details are listed in Supplementary Table S1 online.
number of visits and time to diagnosis
For the diagnosed patients (n = 212), the mean number of visits to reach a diagnosis was 1.52 ± 1.36, whereas those who remained undiagnosed had cumulative clinic visits of 1.88 ± 1.37 (t = 2.85; P < 0.01). The minimum and maximum visits for those with and without a genetic diagnosis were 1-16 and 1-11, respectively (the only patient to have received a diagnosis at visit 16 was detected to have a copy-number variant with the Affymetrix 6.0 microarray (Affymetrix CytoScan; Affymetrix, Santa Clara, CA) at the last visit; a previous BAC array had not shown the deletion). Of the patients receiving a genetic diagnosis, 153 (72%) were diagnosed at visit 1, and 38 (18%) patients were diagnosed at visit 2. Decreasing numbers of diagnoses were made subsequently, with only 10% (21/212) diagnosed at visit 3 or after (Figure 1) . The average number of years from the time of the initial evaluation to the time when a diagnosis was made was 0.63 ± 1.6 years. The undiagnosed group of patients were seen for an average of 0.99 ± 1.6 years (t = 2.36; P < 0.05). If the patient who was diagnosed at visit 16 is excluded, the mean time to diagnosis for the genetic diagnosis group would fall to 0.37 ± 1.24 years.
number and types of genetic laboratory investigations performed
For the entire sample of 461 patients, a total of 1,314 genetic laboratory investigations were performed (see Supplementary  Table S2 online) . A significantly greater number of tests were performed on undiagnosed patients (3.53 ± 3.4; range: 0-33) as Question of a specific diagnosis means that suspicion of a specific genetic disorder was the reason for referral. More than one reason means two or more features in the previous three categories. Other means referrals that were not for developmental delay, malformations, or family history. VUS, variant of uncertain significance on a genetic test performed by another specialist. Miscellaneous diagnoses included genetic conditions that would not be categorized in any of the others, such as mitochondrial disorders, and those thought to be genetic, but of uncertain etiology, such as isolated hemihypertrophy.
compared with those who were diagnosed (2.06 ± 2.21; range: 0-15; t = 5.61; P < 0.001) (Figure 2 We found a significant difference in the cost of genetic tests for the undiagnosed patients as compared with the diagnosed group (t = 3.62; P < 0.001); the mean expense for laboratory tests in the undiagnosed group was $4,720.85 (ranging from $0 to $30,438.50), and for the diagnosed patients, it was $3,285.10 (ranging from $0 to $15,037.37). The cumulative costs of laboratory tests were $1,175,491.87 in the unidentified genetic diagnosis group (n = 249) and $696,441.37 in the group with a genetic diagnosis (n = 212). We also computed the laboratory expenses associated with continuing visits in the quest for a diagnosis, after visit 1. Of the 461 patients, 153 were diagnosed at visit 1, and only 59 were diagnosed during further visits. The total laboratory expenses for patients who were not diagnosed at visit 1 (n = 308) were ($1,479,848.87), with the mean cost per diagnosis for this group amounting to $25,082.16.
Algorithm to identify patients most suitable for nGs
On the basis of the data that were collected in this study, we developed an algorithm to guide clinicians in the identification of patients most likely to benefit from NGS (Figure 3) .
discussion
The traditional approach to diagnosing patients with suspected genetic disorders is on the threshold of a paradigm shift due to the application of NGS. Despite the justified enthusiasm surrounding NGS, critical information about when and how to best apply it remains incomplete. Our retrospective analysis of the contemporary genetic diagnostic approach identified the following salient points. Approximately 46% of patients are diagnosed with a genetic condition with the traditional approach, with the vast majority of these patients being diagnosed on the basis of the first genetics clinic visit. Of the 54% who are thought to have a genetic diagnosis but remain undiagnosed after the first visit, the average cost per subsequent genetic diagnosis is expensive, estimated minimally at $25,000. It is likely that the real cost is much greater, because we calculated only the cost of genetic laboratory tests and did not include costs of clinic visits, nongenetic laboratory tests, or procedures. Diagnostic rates with NGS have varied in part due to differences in the types of patients from one study to another, with rates of up to 25% being reported. 22, 23 We recently published data demonstrating that the rate of diagnosis using NGS in general genetics clinic patients who are refractory to traditional genetic testing is 50% when specific criteria are used to optimize patient selection. 19 Using the 50% diagnostic rate estimate, we can roughly approximate the cost per successful genetic diagnosis if NGS is applied after visit 1 to be $20,000 (assuming a cost of Figure 1 The majority of the 212 patients who received a genetic diagnosis with the traditional genetic paradigm did so during visit 1, with diminishing numbers of diagnoses with subsequent visits. $10, 000 per patient trio for NGS on a commercial basis, because sequencing of the parents as well as the proband is currently the most effective method of identifying de novo mutations). This would still be less than the cost with continual traditional testing and if performed on a research basis would amount to one-third of the expected cost per diagnosis (assuming a cost of $4,000 per trio). Therefore, it is economically feasible to apply NGS in a clinical setting for patients who are undiagnosed after traditional testing, and this cost savings is likely to increase, with the likelihood that the costs of NGS will decrease. Therefore, we suggest that NGS should be considered if the first careful clinical evaluation and laboratory investigations do not yield a diagnosis. In addition to increasing the likelihood of a diagnosis, continued accrual of expenses due to further evaluations could be forestalled with the timely application of NGS. We also found that adults had higher rates of diagnosis than children with the traditional approach, probably due to the fact that adults are referred often with a family history of a specific disorder or a strong suspicion of a specific condition as compared with children who are most often referred with multiple nonspecific concerns. Such children are more likely to have rare, unidentified genetic conditions and may be most amenable to NGS.
It is essential to appreciate, however, that NGS cannot be utilized as a substitute for a careful clinical evaluation, for the following reasons. Most fundamentally, we found that 6% of patients in our cohort were thought not to have a genetic condition after careful evaluation. Of note, the traditional targeted testing has a high yield. The clinician must also consider the limitations of NGS. A significant number of disorders may not be detected by NGS, such as trinucleotide-repeat disorders, mitochondrial DNA mutations, and disorders of epigenetic regulation. If such disorders have not been carefully considered before NGS, the clinician may be lulled into a false sense of security that the adaptation of NGS completes the diagnostic evaluation for the patient. Other inherent challenges with NGS include ethical controversies regarding how much/which information should be conveyed to patients and/or their families. 24, 25 Finally, the interpretation of the NGS data is greatly facilitated by reference to detailed clinical phenotyping. 26 There is a necessity to develop clinical guidelines that would optimize patient selection for NGS. Our data and experience with NGS provide us with a framework to set forth an algorithm to facilitate the incorporation of NGS into the clinical setting (Figure 3) . The most critical component of this algorithm is the clinical evaluation, which should take into consideration the evolving clinical phenotype, emerging diagnostic studies, and the strengths and limitations of the tests. In the majority of patients in our cohort who received a diagnosis (category 1 in the algorithm), this diagnosis was considered and diagnostic testing was performed within the first or second clinical evaluation. For example, of the 212 patients who were diagnosed, approximately two-thirds were diagnosed on the basis of targeted laboratory tests. For patients in category 2, in which the presenting phenotype is more nonspecific or heterogeneous, if the diagnostic yield of currently available tests is low and the suspicion of an unidentified disorder is high, NGS should be utilized, after examining for copy-number variants by a chromosomal microarray. We advocate the utilization of chromosomal microarray in these instances due to the high positive rate (20%) with this test in our cohort (Supplementary Table S2 online) and because whole-exome sequencing could miss copy-number variants. In addition, the turnaround time, complexity of interpretation, and possible detection of incidental findings 27 make the option of performing a microarray before sequencing desirable. However, the continuing evolution of NGS, including the possible clinical availability of whole-genome sequencing, could result in a chromosomal microarray not being a prerequisite. Patients in category 3 may be clinically diagnosed but may not be amenable to NGS at this time, but over time at least some patients in this category may benefit from it (e.g., those with multifactorial disorders). Category 4 would include patients such as the 39 patients in our study who would be thought not to have a genetic disorder after an evaluation by a geneticist.
The limitations of our report are all inherent to the retrospective nature of the study. Clinical as well as laboratory test information was collected only from the clinic notes of the patients, and thus, we may be missing information. We did not use specific criteria to select patients who were thought not to have a genetic diagnosis, because this was not a prospective study. The genetic diagnosis rate of 46% in our study for patients with diverse clinical manifestations is likely to be spuriously low because we did not include patients followed in other specialty clinics in our medical center. Moreover, we may not have been able to accurately determine the length of time that the undiagnosed patients remained so or the number of visits they had incurred, because we were unable to include patients who might have given up on the diagnostic process and did not come back for an evaluation. In addition, because the study captured data only within a 9-month period, some undiagnosed patients would not have had a chance to come back for their annual follow-up visit. Nonetheless, our study provides data that are pertinent to other general genetics clinics within major medical centers in North America, wherein it is common practice for specialty genetics clinics to exist alongside the general genetics clinics. Although we have included data only from one medical center, the three clinics from which the data were obtained are independent of each other, and each medical geneticist was trained and certified through different programs. Because the cost of many genetic studies has decreased over time and we did not include nongenetic laboratory tests or the costs of clinical evaluations, the numbers provided here do not reflect the actual charges a patient may have incurred as part of his/her diagnostic evaluation. However, our cost estimate provides a conservative assessment of the economics of the genetic laboratory investigations performed and while valuable, stresses the need for a prospective and more complete assessment of the costs associated with genetic laboratory investigations.
In conclusion, our study, the first of its kind on a large patient cohort, contributes essential information that assesses the role of the traditional genetic diagnostic paradigm in the era of NGS. Recognizing that the field continues to evolve, our data lead us to recommend that the traditional approach be continued in the initial evaluation of a patient due to its high diagnostic yield. The detailed analyses of when in the course of patient management traditional genetic testing is obtained further suggest that NGS should be applied when the traditional approaches do not result in a diagnosis after the first visit to a genetics clinic. This work helps to identify patients most likely to benefit from NGS and suggests that its timely application would result not only in a higher rate of genetic diagnosis but a considerable cost savings per successful diagnosis.
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